Abstract. We develop a conceptual coupled atmosphereocean-ecosystem model for the tropical Pacific to investigate the interaction between marine biota and the El Niño-Southern Oscillation (ENSO). Ocean and atmosphere are represented by a two-box model for the equatorial Pacific cold tongue and the warm pool, including a simplified mixed layer scheme. Marine biota are represented by a three-component (nutrient, phytoplankton, and zooplankton) ecosystem model.
Introduction
The El Niño-Southern Oscillation (ENSO) is the leading global mode of interannual climate variability. Sea surface temperature anomalies (SSTAs) in the central and eastern equatorial Pacific lead to large-scale atmospheric reorganisations and impacts on regional climate not only in the tropical belt but also in remote regions such as Alaska (Wang et al., 2005) , Antarctica (Bromwich et al., Correspondence to: M. Heinemann (malte.heinemann@zmaw.de) 2004) and even Europe (van Oldenborgh et al., 2000) . Its effect on society has generated a lot of interest in ENSO's seasonal predictability. Using dynamical as well as statistical models, climate anomalies associated with ENSO can be predicted several seasons ahead (Latif et al., 1998) . Another emerging issue is that of ENSO's sensitivity to future climate change. While some of the state-of-the-art coupled general circulation models simulate an intensification of ENSO variability under CO 2 doubling conditions (Timmermann et al., 1999) , other models show no significant change or even a weakening of ENSO activity (see Philip and van Oldenborgh, 2006 for a review). Partly, this large uncertainty can be attributed to the simulated differences in the background states and the representation of ENSOrelevant feedbacks, and partly to the different regimes in which ENSO operates in the climate control simulations (Collins et al., 2010) .
State-of-the art coupled general circulation models (CGCMs) exhibit severe biases, both in the tropical Pacific climate background state as well as in its annual and interannual variability (Guilyardi et al., 2009) . Typically in present-day CGCM simulations, off-equatorial upwelling regions are too warm; whereas the tropical Pacific exhibits cold biases of up to several degrees Celsius. The equatorial Pacific cold bias has a direct influence on the zonal advective feedback which partly determines the simulated statistics of ENSO. Suggestions to remove these biases range from reducing vertical mixing, resolving tropical instability waves and mesoscale ocean variability (Seo et al., 2006) , improving stratus cloud parameterisations (Yu and Mechoso, 1999; Wang et al., 2004) and including ocean biology (Murtugudde et al., 2002; Timmermann and Jin, 2002; Marzeion et al., 2005) .
In fact, using conceptual models of the tropical Pacific, it was demonstrated (Timmermann and Jin, 2002 ) that the optical properties of chlorophyll might have a significant effect on the simulated vertical distribution of light within
Published by Copernicus Publications on behalf of the European Geosciences Union and the American Geophysical Union. the upper ocean. Eventually, changes of radiant heating within the upper water column can lead to significant changes in the sea surface temperature (SST) in the tropical Pacific. Effects of biologically-induced heating on tropical Pacific climate were also found in simulations conducted with ocean models (Nakamoto et al., 2001; Murtugudde et al., 2002; Löptien et al., 2009) , atmosphere-ocean hybrid coupled models (Marzeion et al., 2005; Ballabrera-Poy et al., 2007; Zhang et al., 2009) , and coupled general circulation models (Manizza et al., 2005; Wetzel et al., 2006; Lengaigne et al., 2007; Anderson et al., 2007 Anderson et al., , 2009 ; Gnanadesikan and Anderson, 2009) .
To investigate this bio-optical feedback, Timmermann and Jin (2002) used a simple ENSO model coupled to a phytoplankton-temperature relation, which they empirically derived from chlorophyll data fields and the observed Niño 3 SSTAs. The rationale of this approach is that SSTAs strongly determine the equatorial trade winds (Bjerknes, 1969) and equatorial upwelling. This in turn changes the upwelling of nutrients and hence the phytoplankton concentration in the euphotic zone in accordance with observations (Strutton and Chavez, 2004) . Consequently, it was found that La Niña is weakened by the presence of phytoplankton, whereas the heating effect on El Niño is small, due to the lack of nutrient supply to the surface waters and hence low chlorophyll concentrations. An important caveat of this study is the very simplified parameterisation of the physical state dependence of chlorophyll.
The aim of this study is to revisit the issue of biological influences on tropical climate using a conceptual physical model for the equatorial Pacific coupled to an ecosystem model that allows a systematic stability analysis and includes the most important influences of the physical environment. These influences are the above mentioned upwelling of nutrients but also the effect of light availability (Chavez et al., 1999; Gildor et al., 2003; Platt et al., 2003) . The numerical modelling results presented here are based on a modified version of the conceptual coupled atmosphere-ocean model proposed by Jin (1998) and Timmermann and Jin (2002) coupled to a three-component ecosystem model (Edwards and Brindley, 1996; Edwards, 1997) .
The paper is organised as follows: in Sect. 2 the coupled conceptual climate-ecosystem model is introduced. Section 3 contains a description of the default model behaviour, and sensitivity tests regarding the strength of the phytoplankton absorption and the efficiency of upwelling. The emphasis lies on a qualitative analysis, which means that we study the long-term behaviour of the dynamical system and its stability properties with respect to a variation of important parameters. Here the numerical continuation software "CONTENT" (Kuznetsov and Levitin, 1997 ) is used. The paper concludes with a discussion of our main results (Sect. 4).
Model formulation

Physical model
The physical model used here is an extended version of Jin's nonlinear recharge model (Jin, 1998) and includes a parametrisation of surface fluxes and mixed layer depth. Figure 1 sketches the structure of the conceptual model used in our study. The equatorial Pacific basin is divided into a western (i = 1) and an eastern (i = 2) half to distinguish the warm pool and the cold tongue, respectively. The heat budget of each well-mixed surface layer of depth H m,i is given by
In the following we will discuss the physical mechanisms included in this model. All relevant parameters are listed in Table 1 . The first terms on the right sides of Eqs.
(1) and (2) represent the net heating of the surface mixed layer. The net heat flux Q net,i is calculated as the heat flux entering the mixed layer at the atmosphere-ocean interface Q top,i minus the fraction of Q top,i penetrating through the mixed layer base Q bottom,i ( Fig. 1) :
The surface heat flux is given by
where Q sw,i , Q lw,i , Q sens,i , and Q lat,i denote the net incoming shortwave radiation, outgoing longwave radiation, sensible heat flux, and latent heat of evaporation, respectively. To compute Q sw,i , we assume an annual mean top of atmosphere incoming shortwave radiation of 420 W m −2 and a sea surface albedo of 0.09. Shortwave and longwave radiation as well as latent and sensible heat fluxes are parametrised as described in Gill (1982) and Seager et al. (1988) using empirical relationships for the fractional cloud cover that capture the interannual changes of cloudiness during the ENSO cycle. Long-wave radiation as well as approximately 45% of the incoming short wave radiation (the "red" fraction) are absorbed within the first meter and thus do not reach the bottom of the mixed layer. Consequently, the heat flux through the mixed layer base is given by
where the factor 0.55 accounts for the remaining blue fraction of the short-wave radiation, and k i is the absorption coefficient for blue light. PAR i denotes the photosynthetically active radiation in the western (i = 1) and eastern box (i = 2). The seasonal cycle of insolation has been neglected, because the box model used here is not able to capture air-sea interactions associated with the seasonal cycle (Xie, 1996) . The second term on the right side of Eq. (1) denotes zonal advection, the second term on the right side of Eq. (2) represents cooling due to the upwelling of cold subsurface water at the temperature T sub into the mixed layer. The zonal velocity is given by u, L denotes the basin width, w 2 is the upwelling velocity into the eastern surface box. Upwelling into the western surface box is assumed to be negligible (i.e., w 1 = 0). Assuming the surface zonal current to be proportional to the zonal wind stress τ x , the inverse advective 32 M. Heinemann et al.: Interactions between marine biota and ENSO timescale can be expressed as
where measures the strength of the zonal advection, and β is determined by the Coriolis parameter and the momentum mixing rate in the upper ocean (Jin, 1998) . Equatorial upwelling into the mixed layer is mainly due to poleward Ekman flow divergence, which is proportional to the zonal wind stress (Neelin, 1991; Jin and Neelin, 1993) . Therefore, the total upwelling rate in Eq. (2) can be expressed as
with ζ being a dimensionless coefficient describing the efficiency of upwelling. The zonal wind stress τ x in the equatorial Pacific is largely due to the Walker circulation, which is driven by the SST gradient across the basin. We write
where µ is a dynamical coupling coefficient. The additional temperature difference T represents wind stress due to the influence of the Hadley circulation on equatorial winds, which is driven by meridional differential heating, and other external heating sources like adjacent land masses (Jin, 1998) . Given the fact that the Kelvin wave adjustment in the real ocean is fast compared to the ENSO timescale, westward wind stress is approximately balanced by pressure gradients in the upper ocean associated with a sea level gradient across the basin and a corresponding thermocline tilt. Therefore the thermocline tilt can be approximated as
where h 1 (h 2 ) denotes the departure of the western (eastern) thermocline depth from the reference depth H , and b measures the efficiency of wind stress in driving the thermocline tilt. The western total thermocline depth H + h 1 adjusts to the zonally integrated Sverdrup meridional mass transport resulting from wind-forced Rossby waves. Rossby waves are much slower than the eastward travelling Kelvin waves. Thus, in our model, the western thermocline adjustment is characterised by the dynamical adjustment timescale 1/φ:
The temperature of the water being upwelled into the mixed layer is given by T sub , imitating a vertically resolved temperature profile. It is parameterised as suggested by Jin (1996) :
where T r denotes the radiative convective equilibrium temperature for the Pacific basin. The temperature below the eastern thermocline is given by T r0 , h * measures the sharpness of the thermocline, and z 0 is the depth at which the upwelling velocity w takes its characteristic value. This depth is assumed to lie in between the reference thermocline depth H and the mixed layer base at depth H m,2 :
The computation of the mixed layer depth H m,i is based on the assumption that entrainment and buoyancy are in quasiequilibrium with the turbulent kinetic energy (TKE) created by wind (Kraus and Turner, 1967) minus the depth dependent background dissipation term 2 0 H m,i suggested by Schopf and Cane (1983) H w
The scaling coefficient m s times the third power of the friction velocity u * = √ τ/ρ w describes the TKE created by wind stress at the sea surface. We parameterise the total wind stress τ as the zonal wind stress τ x (Eq. 8) with an additional constant background windstress τ mix representing a mean gustiness, such that τ = τ 2
x + τ 2 mix . H denotes the Heaviside function, and w entr i is the mixed layer entrainment velocity characterising the mass flux across the mixed layer base (Schopf and Cane, 1983) . On interannual timescales, the entrainment velocity can be approximated by the upwelling velocity w i . The factor b i describes the buoyancy difference between the surface water and the water below the mixed layer. Note that H(w 1 )w 1 b 1 vanishes because w 1 = 0. The buoyancy difference b 2 in the western box can be expressed as α T g0.1(T 2 − T sub ), where α T describes the logarithmic expansion of the water density ρ w as a function of temperature, g is the gravitational acceleration, and the temperature difference 0.1 (T 2 −T sub ) is chosen such as to obtain realistic interannual variations of the mixed layer depth. The buoyancy flux B i into the mixed layer is given by B i = α T gQ net,i /(ρ w c p ). Note that Q net,i is a function of H m,i itself (Eqs. 3-5), which means that Eq. (13) is nonlinear, and we solve it iteratively to compute the mixed layer depths H m,i .
Ecosystem model
Marine biology in the eastern equatorial Pacific is represented by a simplified ecosystem model that has three compartments: nutrients, phytoplankton and zooplankton. It is a modification of the three-component ecosystem model investigated by Edwards and Brindley (1996) , which they in turn derived from that of Steele and Henderson (1981) . Modifications were necessary in order to adjust it to the equatorial Pacific and to involve the interannual change of nutrient availability associated with the El Niño-Southern Oscillation as described below. Phytoplankton concentrations in the Pacific warm pool are relatively low compared to those in the cold tongue and do not vary so much on an interannual timescale (Barber and Chavez, 1983; Chavez et al., 1999) . Consequently, the dynamical equations for the ecosystem model are only applied to the eastern equatorial Pacific box, which represents the cold tongue.
We assume that phytoplankton growth is restricted to the surface mixed layer, as already outlined by Edwards and Brindley (1996) . Our three components -nutrients N, phytoplankton P, and zooplankton Z -are assumed to be homogeneously distributed within this layer. The biological system can then be represented by three coupled ordinary differential equations:
= − uptake + recycling of P + excretion by Z + recycling of Z + upwelling (14)
= growth − higher predation and natural mortality.
All relevant parameters and their default values are listed in Table 2 . The primary production described by the first terms in Eqs. (14) and (15) is determined by nutrient and light availability. Nutrient limitation is represented by the Michaelis-Menten function N/(e+N). Variation of shortwave radiation is involved via the depth-averaged primary production term aP/(k w + k c P). The functional dependence of a on the PAR is adopted from Platt et al. (2003) . Further, k w is the vertical attenuation coefficient for blue light in seawater. The term k c P accounts for phytoplankton self-shading, where k c is the biomass-specific vertical PAR attenuation coefficient. We suppose that the ocean beneath the mixed layer is a reservoir with a constantly high nutrient concentration N 0 , but no phytoplankton (P 0 = 0). Zooplankton is assumed to be mobile enough to be independent of the upwelling process. In contrast to Edwards and Brindley (1996) , who define a thermocline exchange rate that is either constant or dependent on the change of the mixed layer depth, our exchange rate is defined as w 2 /H m,2 . It parameterises dilution of phytoplankton as well as upwelling of nutrients. Phytoplankton respiration and natural mortality are represented by the linear loss term −rP. This loss is recycled immediately into nutrient. By contrast, the linear sinking term −sP is not recycled. Zooplankton grazing is represented by a sigmoidal Holling type III term, λP 2 /(ν 2 + P 2 ), with maximum zooplankton grazing rate λ and half-saturation constant ν. Only a fraction of this term turns into zooplankton biomass. This fraction is given by the zooplankton growth efficiency α. Another fraction η represents zooplankton excretion. The carnivore population is assumed to change in proportion to the zooplankton population. Thus, higher predation of zooplankton is modeled by the quadratic term −dZ 2 .
Coupling mechanisms
The physical model and the biological model as described above (Sects. 2.1 and 2.2) are coupled to each other as follows.
The physical system influences the simplified ecosystem model via the variability of shortwave radiation and upwelling.
An increase of the incoming shortwave radiation causes higher phytoplankton concentrations, since the photosynthesis-irradiance curve in our model is monotonically increasing. Since nutrients and phytoplankton are assumed to be unable to move against currents, their concentration within the mixed layer is strongly influenced by the upwelling rate w 2 /H m,2 , as documented in observational data (Strutton and Chavez, 2004) . With regard to Eq. (14), we expect an increased upwelling rate to cause an increased nutrient concentration within the mixed layer and thus increased phytoplankton growth. However, increased upwelling also leads to a stronger dilution of phytoplankton (Eq. 15). Zooplankton, since it is assumed to move independently of upwelling, only responds to a changed phytoplankton concentration, but is not directly affected by a variation of w 2 /H m,2 .
Marine biology affects the physical system via the absorption of blue light by phytoplankton. Here, the phytoplankton concentration P only attains non-zero values in the eastern equatorial surface mixed layer. Hence, the absorption coefficients are given by
for the western and eastern equatorial Pacific, respectively. We assume a zero background chlorophyll concentration; a non-zero background concentration could be imitated by increasing the value of the light attenuation by water k w . (Edwards, 1997) Increasing the absorption coefficient means that more short-wave radiation is absorbed within the mixed layer. Consequently, the mean temperature of the mixed layer rises. It should be mentioned here that the heat lost beneath the mixed layer cannot be recycled within our simplified model. A better representation of this effect requires a two-layer model with an embedded mixed layer. Without biology, the absorption of light is given by k w = 0.046 m −1 .
A higher (lower) phytoplankton concentration in the eastern equatorial Pacific means that less (more) PAR penetrates through the bottom of the mixed layer. Hence, the net heat flux into the mixed layer Q net,2 is increased (reduced). From Eq. (2), we expect that T 2 is increased (decreased). However, the response is more complex since a variation of Q net,2 and the zonal temperature gradient T 1 −T 2 also affects the mixed layer depth as well as the zonal wind stress.
The coupling mechanisms suggest two parameters to be important to quantify the strength of the feedback mechanisms between physics and biology.
The first parameter is the upwelling efficiency ζ , which determines nutrient supply, an important impact of the physical system on the ecosystem. The second one is the phytoplankton dependent light attenuation coefficient k c , which determines the biofeedback on the physical system. We will use ζ and k c as bifurcation parameters in the following section.
Model results
Default ENSO and marine biology
Integrating the coupled bio-physical model as described by the differential Eqs. (1), (2), (10), and (14)- (16) for the default parameter values given in Tables 1 and 2 yields an oscillatory state of the system. After a short transitional phase, the SST in the eastern equatorial box varies between 22.1 • C and 29.2 • C; the period of the simulated ENSO cycle amounts to about 2.5 years (Fig. 2) . Note that the period and amplitude of the oscillation strongly depend on the parameter choice. For example, reducing the coefficient µ, which describes the coupling between ocean and atmosphere, leads to a longer period, but also reduces the amplitude. The period can also be varied via the inverse dynamical adjustment timescale φ (Eq. 10). For our purpose of analysing the qualitative impact of feedbacks between physical and biological processes, the exact value of the period is not important. • C), assuming a chlorophyll to carbon ratio of 50 mg C (mg chl) −1 ); d..f: phase-space plots of phytoplankton P vs short-wave heatflux Qsw,2, upwelling velocity w2 and eastern mixed layer depth Hm,2; parameters from Tabs. 1 and 2. The stand-alone ecological system relaxes towards a stable equilibrium with a phytoplankton concentration of about 0.035 gC m −3 (not shown). In the coupled model, the ecosystem shows an oscillation which is forced by ENSO (Fig. 3) . Phytoplankton concentrations are high during La Niña (about 0.045 gC m −3 ) and relatively low during El Niño (0.027 gC m −3 ).
Assuming a carbon to chlorophyll ratio of χ = 50 mgC (mg chl) −1 (Edwards, 1997) , the high simulated phytoplankton concentration during La Niña roughly matches the (very high) observed chlorophyll concentration of 1 mg chl m −3 over wide areas of the equatorial Pacific cold tongue in July 1998 (Chavez et al., 1999) . However, comparability strongly depends on the uncertain chlorophyll to carbon ratio. For example, Platt et al. (2003) report a maximum carbon to chlorophyll ratio of 150 mgC (mg chl) −1 , which would imply that the simulated maximum chlorophyll concentration is much lower than the observed maximum. Moreover, the chlorophyll to carbon ratio changes as phytoplankton adapts to its abiotic environment (Cloern et al., 1995; Taylor et al., 1997) .
In our default coupled model simulation, the shortwave radiation at the surface of the eastern equatorial Pacific Q sw,2 increases from 220 W m −2 during El Niño to about 290 W m −2 during La Niña (Fig. 3d) due to a reduction of the cloud fraction (cf. Sect. 2.1). In the stand-alone ecosystem model, this heatflux increase causes a small phytoplankton concentration increase of about 0.001 gC m −3 , which amounts to about 6% of the phytoplankton variability during an ENSO cycle (applying a mixed layer depth of 30 m and an upwelling velocity of 0.5 m day −1 as boundary conditions). The upwelling velocity w 2 increases from 0.25 m day −1 during El Niño to about 0.65 m day −1 during La Niña (Fig. 3e) . The response of the stand-alone ecosystem model to that enhanced upwelling is an increase of the phytoplankton concentration by about 0.009 gC m −3 , which amounts to 50% of the phytoplankton variability during an ENSO cycle (applying a mixed layer depth of 30 m and an incoming shortwave radiation of 250 W m −2 as boundary conditions). This response is almost an order of magnitude bigger than the response to the variation of the shortwave radiation. Moreover, the mixed layer depth decreases 14 Heinemann et al.: Interactions between marine biota and ENSO from about 34 m during El Niño to about 21 m during La Niña (Fig. 3f) . Similar to an increase in the upwelling velocity, a decrease in the mixed layer depth leads to a larger thermocline exchange rate w 2 /H m,2 in our model; the decreased mixed layer depth during La Niña also causes a larger phytoplankton concentration. Summing up, changes in the phytoplankton concentration in our model are mostly caused by a variation of the thermocline exchange rate rather than by the variation of the incoming shortwave radiation.
Biological feedbacks on ENSO
The strength of the biological feedback is determined by the biomass-specific attenuation coefficient k c . Note that k c = 0 corresponds to the physical model without biology. For our default value k c = 0.74 m 2 (gC) −1 , which is typical for the equatorial Pacific , the minimum eastern SST T 2 during La Niña is increased by 1.5 • C, the maximum is increased by 1.1 • C (Figs. 2 and 4a) . Moreover, for the default k c , marine biology prolongates the ENSO cycle by about 3 months (Figs. 2 and 4c) .
A stronger biomass-specific absorption k c means that less short-wave radiation leaves the bottom of the mixed layer. The subsequent heating of the eastern surface water causes an increased cloud fraction (cf. Sect. 2.1) and thus decreased incoming short-wave radiation (Fig. 4d) . Since the western SST T 1 increases less than the eastern SST T 2 (not shown), the difference T 1 − T 2 and thus the zonal wind stress τ x is reduced (Eq. 8). Accordingly, upwelling is diminished (Fig. 4e) and phytoplankton concentrations decrease (Fig. 4b) .
Increasing the strength of the biofeedback has a stronger impact on the minimum values of T 2 than on the maximum values, i.e. it has a stronger impact on La Niña (Fig. 4a) . This is a consequence of the ecosystem response to ENSO: during La Niña, the mixed layer is shallow and phytoplankton growth is supported by strong upwelling and intense shortwave radiation. Whereas during El Niño, phytoplankton concentrations are low, which means that biomass-specific absorption has less influence on the heat fluxes.
Hm,2; H*: subcritical Hopf bifurcation; LPC: limit point of cycles; solid lines: minimum and maximum of stable oscillation or stable steady state respectively; dotted lines: minimum and maximum of unstable oscillation or unstable steady state; dashed line: default value kc = 0.74 m 2 (gC) −1 . From the stand-alone ecosystem model perspective, k c represents phytoplankton self-shading. Increasing the selfshading coefficient k c in the stand-alone ecosystem model yields only slightly reduced phytoplankton concentrations (not shown). This supports the assumption of Gildor et al. (2003) that the direct effect of self-shading on the net phytoplankton concentration is negligible in tropical oceans, because phytoplankton concentrations are relatively low. However, we can not test the effect of k c on the vertical chlorophyll profile using a simple box model that assumes a perfect vertical mixing of phytoplankton within the mixed layer. In fact, Marzeion et al. (2005) find that large changes in the simulated depth of the chlorophyll maximum in the eastern equatorial Pacific can be attributed to bio-optical coupling, with some evidence for the selfshading effect.
Using the simple chlorophyll-temperature relation chl [mg m −3 ] =−α(T 2 −30 • C)+0.05, Timmermann and Jin (2002) found that marine biology mostly weakens La Niña, but hardly influences El Niño. However, we find a considerable influence also on El Niño, though its impact is weaker than on La Niña.The reason for this difference is that our NPZ-model yields higher phytoplankton concentrations also during El Niño compared to the chlorophyll-temperature relation used by Timmermann and Jin (2002) (Fig. 3c) . If we tuned the parameters in our simple marine ecosystem model to reduce the offset between the empirical relationship and our model results, the magnitude of the phytoplankton warming effect during El Niño and during La Niña would be reduced. The qualitative results such as the prolongation of the ENSO period and reduction of the ENSO amplitude due to the marine biota are not affected. Comparability between the empirical relationship as used by Timmermann and Jin (2002) depends on the chlorophyll to carbon ratio, which, as mentioned above, is uncertain and may vary due to adaptation of the marine biota to their environment. Note that the empirical relationship by Timmermann and Jin (2002) is only a rough, not well defined estimate of the average chlorophyll concentration in a very large, ultimately hypothetical mixed layer box. It is derived from satellite data, which can only represent the surface chlorophyll concentration. Deep chlorophyll maxima, for example, are not captured. The empirical relationship should not be regarded as ground truth.
Sensitivity to the upwelling efficiency
The upwelling efficiency ζ has a direct effect on the longterm behaviour of the ecosystem model via the upwelling of nutrients and dilution of phytoplankton, and on the physical model via the upwelling of cold water. Figure 5 illustrates the qualitative behaviour of the coupled model (bold curves) with respect to changes of the upwelling efficiency ζ compared to the physical model without biology (thin curves). For the default value of ζ = 1.3, the heating of the surface water due to marine biology is stronger during La Niña than during El Niño. However, when ζ is increased, the heating during El Niño stays approximately the same, whereas the additional heating during La Niña decreases for more efficient upwelling. The curves of medium width illustrate the behaviour of the physical model assuming a constant background phytoplankton concentration of P = 0.03 gC m −3 in the eastern mixed layer. Again, we identify the overall heating due to marine biology (cf. Sect. 3.2). For weak upwelling efficiencies, ENSO turns into a stable steady state via a Hopf bifurcation. The highest temperatures during El Niño correspond to the run with constant P. This is because the ecosystem model responds to El Niño with lower phytoplankton concentrations compared to the constant P used. By contrast, the highest temperatures during La Niña are obtained for the fully coupled model: the ecosystem reacts to La Niña with much higher phytoplankton concentrations, which in turn causes additional heating and a weakening of La Niña.
Conclusions
To study the interaction between marine biology and the El Niño-Southern Oscillation, we derive a conceptual coupled ocean-atmosphere-ecosystem model. To this end, we extend Jin's nonlinear recharge model for the equatorial Pacific (Jin, 1998) by including a dynamical computation of the mixed layer depths and explicit expressions for short-wave, long-wave, latent and sensible heat fluxes. Marine biology influences ENSO, since the surface mixed layer heat budget depends on the absorption of short-wave radiation due to phytoplankton. Phytoplankton concentrations are calculated using a three-component (NPZ) ecosystem model (Edwards and Brindley, 1996; Edwards, 1997) , which is why this study extends that of Timmermann and Jin (2002) , who used an empirically derived phytoplankton-temperature relation. The coupling between the biological and the physical model emphasises two fundamental feedbacks. The physical system influences the ecological system via the shortwave radiation and the strength of the upwelling of nutrient rich water in the eastern Pacific. The feedback of the biology on the physical system is given by the change in the light attenuation due to the phytoplankton concentration.
In our simple coupled atmosphere-ocean-ecosystem model, ENSO forces an oscillation of the ecosystem. Sensitivity studies with respect to the parameters that describe the physical environment revealed that higher phytoplankton concentrations during La Niña are mostly due to stronger entrainment of nutrients by upwelling which is consistent with observational data (Strutton and Chavez, 2004) . The increased short-wave radiation due to reduced cloud cover above the cold tongue during La Niña only has a small effect on the phytoplankton concentration. In turn, an increased phytoplankton concentration causes a stronger absorption of light. Consequently, including marine biology leads to a warming of the eastern SST during La Niña by about 1.5 • C compared to the stand-alone physical model with clear water. The warming during El Niño amounts to about 1.1 • C. Hence the biological feedback causes a stronger impact on La Niña than on El Niño. By contrast, neglecting the ecosystem dynamics but assuming a constant background phytoplankton concentration in the Pacific cold tongue causes a stronger warming during El Niño than during La Niña. Using a simple chlorophyll-temperature relation, Timmermann and Jin (2002) found that marine biology mostly weakens La Niña and hardly influences El Niño. However, we find a reasonable (for certain parameter sets even higher) impact on El Niño as well. The reason is that our NPZ-model yields a relatively high phytoplankton concentration during El Niño compared to the chlorophylltemperature relation used by Timmermann and Jin (2002) (Fig. 3c ).
The simple model employed has the advantage that its dynamical structure can be analysed systematically. However, it does not capture processes that have been shown to play a role in the bio-physical coupling effects on tropical climate variability, such as the vertical, zonal and meridional extents of phytoplankton anomalies that can drive changes in ocean currents (Marzeion et al., 2005; Sweeney et al., 2005; Lengaigne et al., 2007; Anderson et al., 2009; Löptien et al., 2009 ) and eventually changes in heat flux convergence and climate. Moreover, our simplified model does not resolve the dynamics of the annual cycle and consequently all annual cycle -ENSO interactions are neglected. Marzeion et al. (2005) finds that changes in the annual cycle induced by bio-physical coupling could in turn influence ENSO variability. The direct comparison of previous studies aimed at quantifying the bio-optical effects on tropical climate are hampered by the fact that different reference levels for the light attenuation in "clear" waters are used. Furthermore, different CGCMs have a different representation of the mean state, the eastern equatorial annual cycle and ENSO. It is hence not too surprising that the detailed response mechanisms to the biooptical parametrisations are quite different amongst models. Moreover, it was documented in an eddy-permitting ocean general circulation model experiment (Löptien et al., 2009 ) that bio-physical coupling may even enhance the level of near-surface eddy kinetic energy associated with Tropical Instability Waves (TIW). This may feed back onto ENSO, in particular during La Niña phases which are characterised by strong TIW activity and an associated equatorward transport of heat.
While at this stage the detailed effects of ocean colour on tropical climate appear to be highly model dependent, recent model simulations conducted with a hierarchy of models have clearly documented that the optical properties of phytoplankton have a discernible impact on tropical Pacific climate and its variability.
